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ABSTRACT: The different oxidation states of chromium allow its bulk oxide form to be reducible, fa-
cilitating the oxygen vacancy formation process, which is a key property in applications such as cataly-
sis. Similar to other useful oxides such as TiO2, and CeO2, the effect of substitutional metal dopants in 
bulk Cr2O3 and its effect on the electronic structure and oxygen vacancy formation are of interest, par-
ticularly in enhancing the latter. In this  paper, density functional theory (DFT) calculations with a Hub-
bard +U correction (DFT+U) applied to the Cr 3d and O 2p states, are carried out on pure and metal 
doped bulk Cr2O3  to examine the effect of doping on the electronic and geometric structure. The role of 
dopants in enhancing the reducibility of Cr2O3 is examined to promote oxygen vacancy formation. The 
dopants are Mg, Cu, Ni, and Zn, which have a formal +2 oxidation state in their bulk oxides. Given this 
difference in host and dopant oxidation states, we show that to predict the correct ground state two metal 
dopants charge compensated with an oxygen vacancy are required. The second oxygen atom removed is 
termed ‘the active’ oxygen vacancy and it is the energy required to remove this atom that is related to 
the reduction process. In all cases, we find that substitutional doping improves the oxygen vacancy for-
mation of bulk Cr2O3 by lowering the energy cost. 
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1. Introduction 
Chromium forms different metal oxides, including α-Cr2O3 (corundum structured), CrO2 (rutile struc-
tured), and Cr5O12 (with unconnected strings of CrO4).  The only stable bulk oxide is α-Cr2O3, which is 
an antiferromagnetic dielectric in which the oxygen atoms form a hexagonal closed packed array. The 
chromium cations occupy two thirds of the octahedral interstices between the two layers.1 The primitive 
cell can be described as a rhombohedral structure with the chromium atoms being six coordinated and 
the oxygen atoms being four coordinated in oxygen layers above and below the chromium layer.  α-
Cr2O3 is a wide band-gap semi-conductor with an experimentally measured direct band-gap of 3.3eV.
2,3 
Density functional theory calculations (DFT) using the generalized gradient approximation (DFT-
GGA), underestimate the band gap, giving band gaps in the range of 2.8-3.1eV.4-6  When using a 
screened-exchange hybrid functional a band gap of 3.31eV is obtained.7 Regarding the magnetic proper-
ties of Chromia the ground state is anti-ferromagnetic (AFM) with possible magnetic orderings in the 
Cr-containing layers of “--++”, “-+-+” and “-++-“ where ‘+’ and ‘-`denote the quantum spin α and β 
states, respectively. Previous work has shown that the “-+-+” spin ordering correctly describes the 
ground state structure for α-Cr2O3, in a similar fashion to Fe2O3.
5-8,  The electronic structure of α-Cr2O3 
is borderline between charge transfer and Mott-Hubbard insulator, because the Cr 3d states mix with O 
2p states at both the valence band maximum (VBM) and conduction band minimum (CBM). This or-
bital mixing in the VBM and CBM is supported by photoemission and electron-energy-loss spectrosco-
py,9 and X-ray photoemission spectroscopy.10   
Conundrum structured α-Cr2O3 has attracted much interest for its potential use in a wide range of ap-
plications, including catalysis,11-15 as an anode material in Li-ion batteries,16 in gas sensors,17 solid oxide 
fuel cells,15 protective coatings18,19 and adhesion promotors.20 To improve the performance of Cr2O3 for 
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more efficient utilization in many of these applications, a key property is that of oxygen vacancy for-
mation, which is important in redox reactions and for lattice oxygen mobility. 
Oxygen vacancy formation in a metal oxide can be enhanced by introducing substitutional dopants on 
the cation site. This has been extensively explored for the reducible metal oxides TiO2
21-24 and CeO2
25-28 
from both experiment and theory. The introduction of a substitutional dopant on the host cation site al-
ters the electronic and local geometric structure of the host and this can promote the formation of oxy-
gen vacancies and migration of oxygen. Substitutional dopants, which have a lower oxidation state in 
their parent oxide compared to the oxidation state of the cation in the host oxide (lower valence dopants, 
LV) create an effective positive charge at the anion lattice position. This is the well-known oxygen hole. 
In contrast, dopants that have a higher oxidation state in their parent oxide  than that of the cation in the 
host oxide (higher valence dopants, HV), have effective negative charges at the cation lattice site, giving 
localization of excess electrons at a host cation.  
Early Mott-Littleton calculations by Catlow et al.29 studied intrinsic defects in the bulk structures of α-
Fe2O3 and α-Cr2O3. The defect formation energies and diffusion barriers in bulk α-Cr2O3 indicated that 
the reduction energies for oxygen vacancy formation and Cr cation diffusion were relatively low, sug-
gesting that the material possesses good redox properties. Nitrogen doped Cr2O3 has received a high de-
gree of attention for applications in optoelectronic devices as the presence of N increases the hole mo-
bility in the material. The N atom substitutionally replaces an O atom, and with one less electron, this 
can make a suitable hole transporting layer for organic solar cells.30-33 Doping of Cr2O3 with Mg has 
been documented to change the electronic structure to induce p-type semiconductor behavior by creat-
ing a hole that arises from replacing a Cr3+ cation with an Mg2+ dopant 34-39 however, the optical proper-
ties eventually degrade over time, thus making the material inactive. To improve the optical and elec-
tronic properties of Cr2O3and overcome the issues associated with Mg: Cr2O3, co-doping with Mg and N 
was examined.36,40,41 Nitrogen doping was found to improve the transmission properties and electronic 
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conductivity of Cr2O3 through band gap widening and the presence of NO3
- in the system; Mg doped 
Cr2O3 showed no enhancement of these features over the undoped Cr2O3 lattice, but probably acts to 
stabilize the N-doping. A recent combined experimental and DFT study using the PBE-GGA approach 
with Hubbard + U correction (PBE+U) investigated Mg doping of Cr2O3 under different growth condi-
tions of Cr-rich/O-poor, O-rich/Cr-poor. The results show that in the O-rich regime an Mg dopant on a 
Cr cation site is uncompensated, and displays p-type conductivity under optimal growth conditions.42 
No conductivity is found under O-poor conditions, where Mg is likely to be compensated. Experimental 
XPS/XRD and DFT (LDA+U) investigations of N-F co-doping of Cr2O3 showed that the structure was 
greatly distorted by the presence of N atoms, which were charge compensated by the F dopants43 This 
reduced the d-d band gap by 0.6 eV, and changed the character to p-d. Doping also altered the magnetic 
structure and optical properties of Cr2O3 through hole-mediated exchange and spin-orbit coupling, thus 
improving its capabilities for applications in spintronic and optoelectronics applications. Ca and Ti dop-
ing of Cr2O3 have been examined with DFT (PW91+U), which showed that the inclusion of the dopants 
can reduce the fundamental band gap by up to 0.4eV for Ca doping, but with no  change in the funda-
mental band gap for Ti doped Cr2O3. For the doping of Cr2O3 with Ca, there are no defect levels ob-
served in the band gap as Ca states lie low in the VB (~-20eV) and high in the CB (~+10eV), while for 
Ti a β-spin peak is shown to occur in the band gap which is attributed to the Ti impurity; however it is 
not mentioned if this electron is localized on the Ti atom or reduces a neighboring Cr cation.5,8 As the 
Ca2+ dopant replaces lattice Cr3+ cation, a hole is expected to form on a neighboring oxygen atom as 
Ca2+ replaces Cr3+ and located  at the VB edge, perhaps pushing the VB to a higher energy; however this 
is not mentioned and no charge compensation mechanism is discussed. Fe doped Cr2O3 was investigated 
with Fe having a 3+ oxidation state.44 The larger ionic radius of Fe3+ resulted in expansion of the cell 
volume (ionic radii: Fe3+ ~0.67Å and Cr3+ ~0.61Å).44  An optical band gap in the range of 3.09eV to 
3.44eV was determined from a Tauc plot for different concentrations of Fe dopant (0-4 wt%). Further-
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more, Fe doping resulted in an increase in the concentration of charge carriers and this was attributed to 
Cr vacancy formation.  
The studies described above outline some effects arising from dopant incorporation into the Cr2O3 lat-
tice, and the resulting modifications to the electronic structure. However apart from Mg-Cr2O3,
42 the 
effect of a dopant on the oxygen vacancy formation in Cr2O3, which is a key property for applications in 
fuel cells, solar cells and catalysis, has not been examined in any detail in the previous literature, in par-
ticular when compared to other reducible metal oxides such as TiO2 and CeO2.  
Early theoretical and experimental studies indicated that anion diffusion is slower than cation diffu-
sion in Cr2O3.
29,45 More recent studies have however indicated that oxygen diffusion is more facile, in 
particular along grain boundaries, thus indicating that structural defects as well as doping in Cr2O3 can 
improve its oxygen mobility.46-48   
The introduction of holes through incorporating a LV dopant will lead to spontaneous formation of 
oxygen vacancies to compensate the lower oxidation state of the dopant compared to the host.49-52 The 
resulting absence of oxygen in the lattice after the release of oxygen can be experimentally observed, as 
the vacancy cannot be annealed in the presence of oxygen. Given that this vacancy will therefore always 
be present, it will induce structural distortions, which can lead to potentially more favorable oxygen va-
cancy formation and mobility. To maintain charge neutrality, and give the correct ground state electronic 
structure after incorporation of the dopant, neutral oxygen vacancies release electrons to fill the holes 
formed from incorporation of the LV dopant. The formation of charge compensating oxygen vacancies 
can be described in the following reactions, using Kröger-Vink notation for a lower valent metal (M) 
dopant in Cr2O3; 
𝐶𝑟𝐶𝑟
𝑥 + 𝑂𝑜
𝑥 + 𝑀2𝑂 → 𝑀𝐶𝑟
′′ + 2𝑂𝑂
. +  𝐶𝑟2𝑂3   (1) (Oxygen Hole Formation) 
𝑀𝐶𝑟
′′ + 2𝑂𝑂
. + 𝑂𝑜
𝑥 →  𝑀𝐶𝑟
′′ + 2𝑂𝑂
𝑥 + 𝑉𝑜
..     (2) (Oxygen Hole Compensation) 
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where 𝐶𝑟𝐶𝑟
𝑥  is a neutral Cr cation on a Cr3+ lattice site, M is a metal dopant that has an oxidation state of 
+1, 𝑀𝐶𝑟
′′  is the metal substituting a Cr3+ lattice site with an effective charge of -2, 2𝑂𝑜
.  is a hole on an 
oxygen lattice site forming O- (polaron), and 𝑉𝑜
.. is the formation of an oxygen vacancy at an O2- lattice 
site with an effective charge of +2 that acts as a charge compensating species. In equation (1), a substitu-
tional LV metal dopant with a +1 oxidation state on a Cr3+ site induces holes (O- species) on two oxygen 
species. This is compensated by an oxygen vacancy that releases two electrons to compensate the holes, 
equation (2). This is critical to correctly describe the ground state electronic structure for modelling and 
investigating LV dopants in a metal oxide, 53-56 If the system is not charge compensated the material is 
not charge neutral which can lead to issues in calculating properties such as over-binding of electron 
rich adsorbates.  
In the present paper, we apply DFT, with a Hubbard +U correction (PBE+U) to examine the in-
corporation of dopants with a formal +2 oxidation state in their native oxides, namely Mg, Ni, Cu and 
Zn onto Cr3+ lattice sites in bulk Cr2O3. In this case, to correctly describe and charge balance dopants 
with a +2 oxidation state,39 that produce a hole on one neighboring lattice oxygen, two metal dopants on 
Cr sites are compensated by an oxygen vacancy as follows; 
2𝐶𝑟𝐶𝑟
𝑥 + 𝑂𝑜
𝑥 + M𝑂 → 2𝑀𝐶𝑟
′ + 𝑉𝑂
.. +  2𝐶𝑟2𝑂3    (3) 
We have presented a similar study of LV dopants, Al3+, Ga3+ and In3+ in bulk rutile TiO2,
49 where charge 
compensated structures were studied.  We also found that while PBE+U gives positive, albeit small, 
formation energies for the compensating oxygen vacancy, using the Heyd–Scuseria–Ernzerhof (HSE) 
screened hybrid DFT functional57 showed that the first oxygen atom forms spontaneously with a nega-
tive formation energy. The active oxygen vacancy, that is the vacancy of interest in an oxidation reac-
tion, is the second oxygen atom and the energy cost associated with the removal of this atom is the oxy-
gen vacancy formation energy we use to assess the reducibility of the material. Similar studies have 
been presented for doped CeO2, 
51,55,56,58,59 and confirm the importance of including charge compensat-
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ing vacancies to correctly describe the ground state electronic structure of doped metal oxides. Previous 
DFT studies on doping of Cr2O3 have neglected the need for a charge compensating mechanism and this  
can lead to questionable results.5 A key contribution of this paper is to present in detail the effect of LV 
doping in Cr2O3, with the inclusion of charge compensation, to correctly describe enhanced oxygen va-
cancy formation energies that may result in improved catalytic performance of Cr2O3. 
 
2. Computational Methods: 
All calculations have been performed using DFT employed in the Vienna Ab initio Simulation Pack-
age (VASP).60-62 The generalized gradient approximation (GGA) method63 was used with the Perdew-
Burk-Ernzerhof (PBE) exchange-correlation functional.64 The valence states were expanded in terms of 
a plane wave basis set65 and the electron-ion interactions were described by the projected augmented 
wave (PAW) method.66 The core and valence electron configurations are, Cr[Ar] d5 s1, O[He] s2 p4, 
Mg[Be] p6 s2, Ni[Ar] s2 p6 d8 , Cu[Ar] d10 p1, and Zn[Ar] d10 p2.  
The Brillouin zone integrations were sampled using the Monkhorst-Pack method,67 and k-point sam-
pling grids of 2x2x2, 4x4x4 and 6x6x6 were tested on the bulk Cr2O3 corundum structure at a 500eV 
plane wave cut-off. The structural optimizations of the Cr2O3 bulk were carried out using a conjugate-
gradient algorithm, and performed at a series of volumes where the atomic positions, forces and cell an-
gles were allowed to relax while keeping the cell volume constant. The resultant energies were fitted to 
the Murnaghan equation of state68 to obtain the minimum energy structure. The minimum energy struc-
ture was obtained using a k-point sampling grid of 4x4x4 at a 500eV energy cut-off with a lattice pa-
rameter of a=b=5.08Å and c=13.99Å, which deviates from the experimental structure by 2.48%.69 This 
optimized unit cell was expanded to a (2x2x2) supercell, with composition Cr96O144 and relaxed using a 
similar plane wave cut off energy with a 2x2x2 k-point sampling grid to keep a consistent k-point densi-
ty. This supercell is used to investigate oxygen vacancy formation in undoped bulk Cr2O3, and for all 
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doped structures; this results in a doping concentration of 1.04% for single dopants and 2.08% with two 
dopants.   
To correct for the strong electronic correlation within bulk Cr2O3, the DFT+U method in the form pro-
posed by Liechtenstein70 and Dudarev et al.71,72 and implemented in a PAW approach by Bengone et 
al.73 were used in this study. The implementation of GGA+U within the VASP code combines the Hub-
bard-like description of the on-site correlations with spin polarised DFT calculations.74 As the Cr2O3 
bulk is known to be anti-ferromagnetic, the on-site potential +U correction is necessary to describe the 
correct ground state electronic and magnetic structure of Chromia. A range of U values, that is from U = 
1 eV to U = 8 eV on the Cr 3d states, were previously studied for bulk Cr2O3 and the effect of the +U 
correction on the cell volume and the magnetic and electronic structures was studied, making compari-
son to available experimental data.6 A value of U of 5 eV was found to deliver a reasonable compromise 
between calculations and experiment and we therefore use this value of U for all calculations in this 
study. We note however, that the application of the DFT+U approach has not been examined oxygen 
vacancy formation in bulk chromia, but extensive studies on transition metal oxides and ceria have 
shown that the DFT+U approach describes the oxygen vacancy formation process very well. In this pa-
per we are interested in how the bulk oxygen vacancy formation energy is affected by substitutional 
doping on the Cr site and it is the trends with doping that are important and these will be well described 
by the present DFT+U set-up.  
The introduction of a lower valent metal dopant on the Cr cation site creates holes on neighboring ox-
ygen atoms, since the LV dopant has fewer electrons than the Cr cation. It is now well known that these 
states cannot be described by the standard approximate DFT LDA and GGA exchange-correlational 
functional and will be delocalized across multiple oxygen atoms, which is physically unrealistic. To cor-
rectly localize the hole states on one oxygen atom, a +U correction of 5.5eV is applied to the O 2p states 
in all calculations. This has been widely discussed in previous studies for doping of CeO2 and 
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TiO2.
58,59,75 The magnetic structure of Cr2O3 is difficult to correctly model, requiring a DFT+U level or 
better, and previous work found that a magnetic ordering of alternating + and – layers within the bulk 
along the c-axis accurately describes the ground state magnetic structure which is also used in this 
work.4,7,14,76 
The electronic density of states (EDOS) was sampled at a higher k-point mesh using a 8x8x8 grid with 
a Gaussian smearing approach and a broadening of σ=0.1eV was used.  Partial (ion and l-quantum num-
ber decomposed) electronic density of states (PEDOS) were calculated by projecting the electronic ei-
genstates onto their spherical harmonic components as described by PAW radii, which allow a detailed 
analysis of the electronic structure.  
The oxygen vacancy formation energy (E[Ovac]) for bulk Cr2O3 was calculated by; 
E[Ovac] = E(Cr2O(3-x)) + ½ E(O2) – E(Cr2O3)   (4) 
Where E(Cr2O3-x) is the energy of bulk Chromia (doped or undoped) with an oxygen vacancy, E(O2) is 
the calculated energy of gaseous O2 and E(Cr2O3) is the calculated energy for pure bulk Cr2O3. The 
Hubbard +U value of 5.5eV applied to the O 2p states of molecular O2 can correct for the known over 
binding of standard PBE.   
Oxygen vacancy formation is examined for two cases. The first is the uncompensated [𝑀𝐶𝑟
′ + 𝑉𝑂
..] defect 
in the lattice with one dopant and the oxygen vacancy fills the hole state, partially reducing two neigh-
boring Cr3+ cations to two Cr(3-δ)+ species (See Secion 3.2). A second metal dopant is introduced onto a 
Cr site to model the [2𝑀𝐶𝑟
′ + 𝑉𝑂
..] defect, for which the compensating oxygen vacancy is examined. Here 
we will also compare PBE+U and HSE in describing this process. For the HSE approach, a screening 
length of 20% Hartree-Fock exchange is implemented. The removal of the next oxygen species, which 
is termed the active oxygen vacancy, is examined and we compare which metal species gives the most 
favorable oxygen vacancy formation energy.  
The formation energy for the charge compensating oxygen vacancy is calculated by; 
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E[Ocomp] = E(Mx:Cr(2-x)O(3-x)) + ½ E(O2) – E(Mx:Cr(2-x)O3) (5) 
where  E(Mx:Cr(2-x)O(3-x)) is the energy for the M doped Cr2O3 lattice with the compensating oxygen va-
cancy, and E(Mx:Cr(2-x)O3) is the energy for the M doped Cr2O3 lattice. The number of metal atoms can 
vary depending on the oxidation state of the dopant, but the formula remains consistent. The energy for 
the active oxygen vacancy is calculated in a similar manner with a second oxygen removed from 
Mx:Cr(2-x)O(3-x) system, and the compensated structure is used as the reference. 
 
3. Results: 
3.1 Bulk and reduced α-Cr2O3 
The calculated atomic structure for a unit cell of bulk α-Cr2O3 is shown in Figure 1 (a); the Cr
3+ cati-
ons and O2- anions are indicated by the blue and red spheres throughout this paper. Chromium cations 
adopt a six-coordinate octahedral geometry while the oxygen anions possess a four coordinate tetrahe-
dral geometry within the Cr4O6 layers. The octahedral geometry for the Cr
3+ cations is shown in Figure 
1(b) with the six oxygen neighbors labelled and the corresponding Cr-O bond distances are given in Ta-
ble 1. 
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Figure 1: The atomic structure (a) and local cation geometry (b), for bulk α-Cr2O3. The blue and red 
spheres represent the lattice positions for Cr and O respectively. The orientation along the a-, b- and c- 
vectors is included to show the relative position of the cation geometry to the bulk unit cell. 
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Table 1: Calculated Cr-O bond distance (Å) for the Cr3+ cations in bulk α-Cr2O3 
Cr – Ox Bond Calculated distance (Å) 
Cr – O1  2.05 
Cr – O2  2.05 
Cr – O3  2.02 
Cr – O4  2.02 
Cr – O5  2.02 
Cr – O6  2.05 
 
To characterize the valence band (VB) and conduction band (CB) of bulk Cr2O3, the PEDOS was cal-
culated and is shown in Figure 2. The PEDOS shows the interaction between the Cr 3d (blue) and O 2p 
(red) states that are primarily involved in bonding. The VB and CB originate from a mixing of these 
states with a calculated band gap of 2.66eV which is underestimated compared to the experimental band 
gap. This is typical for PBE+U calculations, where U is not set to reproduce the band gap, but is instead 
set to consistently describe charge localization, magnetic structure, and spin states that are sensitive to 
the selected +U value.6,74  Recent DFT (PBE+U) calculations have fitted the band gap to experimental 
XPS data, obtaining a calculated fundamental indirect band gap of 2.96 eV with a +U correction of 3 eV 
and 5 eV applied to the Cr 3d states and O 2p states, respectively.42 Our calculated value is only 0.3eV 
lower than this, indicating that our calculated band gap is within an acceptable difference. 
The VB region shows strong mixing between Cr 3d and O 2p states, while the bottom of the CB 
shows larger contributions from the Cr 3d states than the O 2p states. The dominance of Cr 3d states at 
the VBM and CBM is indicative of a Mott insulator.77  The contribution from the O 2p states at the top 
of the VB however, reduces the probability of Cr 3d - 3d transitions, and weak transitions between O 2p 
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states and Cr 3d states can occur making it a weakly charge transfer (CT) material. The introduction of 
defect levels through substitutional doping will alter the mixing of states at the VBM or CBM which 
may assist in tailoring the band gap of the material to allow more efficient transitions between dopant 
states and the Cr 3d states.   
 
Figure 2: The calculated spin polarised PEDOS for bulk α-Cr2O3. The green and red lines are the Cr 3d 
and O 2p states, respectively. The top of the valence band is aligned to 0 eV and the dotted line indicates 
the calculated position of the Fermi Level.  
 
Oxygen vacancy formation was investigated to serve as a benchmark for comparison of the oxygen 
vacancy formation energies with the doped systems. Since removal of an oxygen atom from its lattice 
position will affect only the local atomic structure around the vacancy, we show the local atomic struc-
ture around the vacancy in Figure 3(a); the location of the oxygen vacancy is shown by the black sphere 
in the figure. Examination of the local geometry around the oxygen vacancy indicates that the four near-
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est neighbor Cr cations previously bonded to the oxygen atom are displaced from their lattice positions. 
They are found to move away from the vacancy site, and adopt a five coordinate square pyramidal ge-
ometry; the associated Cr-O bonds are shortened by a range of 0.2 – 0.4 Å.  
Removal of a neutral oxygen species from its lattice site creates unpaired electrons that can reduce the 
neighboring, or next nearest neighboring cations, as in e.g. reduced CeO2 or TiO2. We have explored 
different Cr reduction sites and singlet or triplet ground state electronic configurations. Analysis of total 
energies, spin magnetization and Bader charge analysis shows that a singlet ground state electronic con-
figuration is preferred. The singlet configuration is more stable than the corresponding triplet by up to 
0.8eV, and after relaxation there are four partially reduced Cr cations, which we indicate as Cr(3-δ)+ since 
none of these sites are fully reduced to Cr2+. To check the stability of partial reduction of the four Cr cat-
ions, structural distortions are induced by various approaches to localize the electrons to two neighbor-
ing Cr cations.  However, these attempts result in relaxation back to the configuration presented in Fig-
ure 3.  The locations of the partially reduced Cr sites are indicated by the orange Cr atoms in Figure 3(a) 
with the reduced Cr cations labelled 1 to 4. The singlet electronic configuration keeps the antiferromag-
netic arrangement of Cr cations, with partially reduced Cr cations in the layer above the oxygen vacancy 
(Ovac) site having a different spin state to those in the layer below the Ovac.  
The calculated PEDOS for reduced bulk Cr2O3 is shown in Figure 3(b). The reduction of the next 
nearest neighbor Cr cations from 3+ to (3-δ)+ is reflected in the presence of defect levels in the band 
gap of the reduced bulk as shown in the PEDOS. Cr 3d states become occupied from the reduction pro-
cess with occupied defect peaks appearing at c.a. 0.7 eV and unoccupied peaks at 2.0eV above the top 
of the VB edge; this is shown for the reduced Cr cations in the bottom panel of the PEDOS plot. The 
spin up peaks are from Cr 1 and 2, as labeled in Figure 3(a), and the spin down contribution to the de-
fect peaks is from the reduced Cr 3 and 4 atoms (Figure 3(a)) so that the system maintains its anti-
ferromagnetic nature. The two peaks are spin paired due to the singlet ground state electronic configura-
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tion from the four reduced Cr cations. The calculated oxygen vacancy formation energy for bulk α-
Cr2O3 is 4.11eV.  
 
Figure 3: (a) The local atomic structure around the oxygen vacancy (indicated by a small black sphere) 
in bulk α-Cr2O3. The color coding is the same as figure 1 and the partially reduced Cr
3+ cations are indi-
cated by the orange spheres. (b) The calculated PEDOS for the reduced Cr2O3 bulk with the defect 
levels shown within the band gap. The top of the valence band is aligned to 0eV and the dotted line 
indicates the highest occupied state.  
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3.2 Substitutional doping of Lower Valence cations in bulk α-Cr2O3:  hole and oxygen vacancy 
formation  
We replace one Cr3+ cation in our supercell with a +2 metal dopant, giving a concentration of 1.04%. 
The presence of the dopant in the lattice distorts only the local geometry around the dopant and has no 
effect on the geometry beyond the next next nearest neighbor Cr cations. Only the calculated local ge-
ometry around the dopant is shown in Figure 4.  
For Mg doped Cr2O3, Mg adopts a 5-fold square pyramidal geometry while Ni doping results in Ni 
maintaining the 6-fold octahedral geometry taken by the Cr3+ cations. Both Cu and Zn dopants adopt a 
3-fold trigonal geometry, in which they bond to the three oxygens in the layer below while the oxygens 
in the layer above are now three-fold coordinated instead of four-fold coordinated in undoped Cr2O3. 
These coordination environments are typical of these metal dopants in metal oxide hosts.50-52,78 Cu is not 
able to distort the corundum structure to allow a two-fold or four-fold coordination geometry, and is 
known to adopt a three-fold geometry in Fe2O3.
79
 
The Mg-O distances range from 1.96Å to 2.15Å, and the Ni-O distances range from 1.99Å to 2.05Å; 
the latter are closer to typical Cr-O distances, indicating that Mg causes more distortions to the local 
atomic structure does Ni. The three Cu-O distances are 2.02Å and the three Zn-O distances are 1.99Å. 
These dopants have shorter metal-oxygen distances than Cr, Table 1. Therefore, the strongest distortions 
are induced by Cu and Zn doping onto Cr lattice sites.  
The calculated PEDOS for each of the lowest energy configurations are shown in Figure 4. The Cr 3d 
states in the VB and CB appear to be relatively unaffected by the presence of the dopants in the lattice 
for all systems. For the O 2p states, an unoccupied peak corresponding to the oxygen hole state appears 
around 0.5eV above the top of the VB for Mg, Cu and Zn doped Cr2O3, while there are no hole states 
observed for the Ni doped bulk.  The oxygen atom associated with the hole state is further identified by 
computed Bader charges that decrease from 7.3 (typical of O
2-
) to 7.0 electrons, and a computed spin 
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magnetization of 0.5 electrons, consistent with an oxygen hole state.  The location of the hole is shown 
in Figure 4 by the light blue sphere. The PEDOS for this oxygen is shown in the lower panel of the 
PEDOS plot for Mg, Cu and Zn doped Cr2O3 indicated by the “O hole PEDOS”. The exception to this is 
Ni doped Cr2O3, in which Ni adopts a +3 oxidation state with no oxygen hole states present, confirmed 
by Bader analysis (oxygen charges of 7.3 electrons, and spin magnetization of 0), indicating that upon 
incorporation, Ni is isovalent to Cr
3+
. Although this is a potentially surprising result as NiO is the stable 
oxide of Ni, previous work shows that Ni doped into Al2O3 and LaAlO3 will take a +3 oxidation state,
80-
83
 suggesting that doping sesquoxides with Ni alters the dopant oxidation state to become isovalent with 
that of the host cation and we also note that the local geometry around Ni shows octahedral coordina-
tion, the same as Cr.  
For Mg and Zn doped Cr2O3, the calculated Fermi levels are close to the top of the VB (Mg:0.0eV, 
Zn:0.2eV) with no metal dopant states appearing in the band gap. The fermi level is higher for Ni and 
Cu doped Cr2O3 being located at 0.4eV since these metals have 3d states above the Cr2O3 VB, which 
suggest that electron transfer is more facile in these systems than for the Mg and Zn doped lattices. Ni-
Cr2O3 and Cu-Cr2O3 have 3d defect levels in the band gap above the Fermi Level which are not ob-
served for Mg and Zn doping. For Cu-Cr2O3 there is an occupied Cu 3d peak just below the fermi level 
at 0.3eV above the top of the VB edge, while for Ni-Cr2O3 the occupied peaks are at the VB edge.  The 
Cu dopant has a calculated Bader charge of 15.7 and a spin magnetization of 0.0 that is indicative of 
Cu2+ cations.  
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Figure 4: The local geometry and calculated PEDOS for (a) Mg, (b) Ni, (c) Cu, and (d) Ni doped α-
Cr2O3. The grey and red spheres are the Cr
3+
 cations and O
2-
 anions, respectively, while the Mg, Ni, Cu 
and Zn dopants are the green, purple, orange and blues spheres. The blue, red, orange and green lines on 
the PEDOS plots are the s, p, dopant 3d and Cr 3d states with the top of the valence band aligned to 0eV 
and the dotted line shows the position of the Fermi level.  
 
Oxygen vacancies are investigated for each dopant to examine the effect of the dopant on their 
formation energy, and the location of the electron released by the neutral vacancy. We examined the 
removal of all oxygen atoms surrounding the metal dopant, in the layers above and below the dopant to 
determine the lowest energy configuration (See supplementary information Tables S1 – S4 for the range 
of computed oxygen vacancy formation energies). The most stable oxygen vacancy sites are shown in 
Figure 5. The calculated energies for the lowest energy configuration of the oxygen vacancy formation 
in each of the doped systems are given in Table 2.  In all cases doping greatly improves the oxygen va-
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cancy formation energy in Cr2O3, with the Cu-Cr2O3 system having the lowest formation energy, sug-
gesting it promotes more favorable vacancy formation over the other dopants. For all doped structures, 
the most favorable position of the oxygen vacancy is next neighbor to the dopant cation. This therefore 
reduces the coordination of the dopants in Cr2O3. The Mg and Ni dopants form four coordinated square 
planar configurations, which have been found in doping of other oxides
51,78
, while Cu and Zn are now 
two-fold coordinated, in which they bridge with two neighboring oxygen atoms from the loss in coordi-
nation after oxygen vacancy formation. Cr cations neighboring the oxygen vacancy site also display re-
duced coordination – going from 6 fold octahedral coordination to a distorted 5 coordinated square py-
ramidal configuration.  
 
Table 2: The calculated oxygen vacancy formation energies, relative to ½ O2, for undoped and doped 
Cr2O3 
 E[Ovac] (eV) 
Undoped Cr2O3 4.11 
Mg-Cr2O3 2.53 
Ni-Cr2O3 2.45 
Cu-Cr2O3 1.87 
Zn-Cr2O3 2.86 
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 The formation of an oxygen vacancy releases two electrons into the system. One of these elec-
trons fills the hole on the neighboring oxygen species and the other electron reduces neighboring Cr
3+
. 
The reduced Cr species are indicated by the orange spheres in Figure 5. This is confirmed by the com-
puted Bader charges and the spin magnetizations. The Bader charge on the oxygen carrying the hole in-
creases from 7.0 to 7.3 electrons, indicating filling of the hole. For Mg and Cu, there are two partially 
reduced Cr cations, each with a Bader charge of 4.2 electrons. For the Zn-Cr2O3 system, one Cr cation is 
reduced from Cr
3+
 to Cr
2+
 with a computed Bader charge of 4.5 electrons.  
As the Ni doped Cr2O3 system does not have an oxygen hole, a different behavior is observed. 
One electron reduces the Ni
3+
 dopant to Ni
2+
 and the other electron partially reduces the two neighbor-
ing Cr cations. Computed Bader charges support this: the charge on the Ni atom increases from 14.7 to 
15.0 electrons and the two partially reduced Cr cations have computed Bader charges of 4.4 electrons. 
In examining the reduction of Cr cations in these doped systems, we considered other distorted struc-
tures with initial localization of charge on different Cr cations to achieve charge localization on one Cr 
cation. However all structures relaxed to those described above, thus indicating that these structures are 
the most favorable for this dopant + oxygen vacancy system.  
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Figure 5: The calculated local geometry after formation of oxygen vacancies in (a) Mg, (b) Ni, (c) Cu 
and (d) Zn doped Cr2O3. The location of the oxygen vacancy is indicated by the small black sphere, 
while the partially reduced Cr cations are shown by the orange spheres. The green, purple, brown, and 
blue spheres show the location of the Mg, Ni, Cu and Zn dopants, respectively, while the lattice posi-
tions of the Cr cation and O anions are shown by the grey and red spheres.  
 
The calculated PEDOS plots for each of the doped systems containing an oxygen vacancy are 
shown in Figure 6. The formation of the oxygen vacancy fills the oxygen hole formed by doping, and 
there are no O 2p peaks present in the band gap further supporting the description above. The Ni and Cu 
dopants introduce occupied 3d states into the band gap lying above the top of the VB, where the Ni 3d 
states raise to 0.4eV above the VB edge and the Cu 3d states remain at the same energy comparing to 
the doped bulk structure without an Ovac. Comparing the PEDOS for Ni doped Cr2O3 with an oxygen 
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vacancy in Figure 5b, to the PEDOS of Ni doped Cr2O3 in Figure 4b, the number of occupied Ni 3d 
states has increased, which indicates reduction of Ni
3+
 to Ni
2+
 which is also reflected in the Bader 
charges as they increase from 14.7 to 15 electrons.  The bottom panel of Figure 6 shows the PEDOS of 
the reduced Cr cations that have been identified above and these are labeled Cr1 and Cr2. For Mg and Cu 
doped Cr2O3, both partially reduced Cr
(3-δ)+
 cations introduce occupied β-spin peaks in the band gap 
around 1eV above the top of the VB, and unoccupied β-spin peaks just below the bottom of the CB 
around 2eV above the VB edge.  The partially reduced Cr
(3-δ)+
 cations in Ni-Cr2O3 have different spin 
states with Cr1 being α-spin and Cr2 β-spin and they introduce defect states into the band gap with occu-
pied and unoccupied peaks below and above the Fermi level. For Zn-Cr2O3, the calculated PEDOS for 
the reduced Cr
2+
 cation shows one occupied β-spin peak around 1eV above the top of the VB and an 
unoccupied β-spin peak at 2eV above the VB.  
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Figure 6: The calculated PEDOS plots for (a) Mg, (b) Ni, (c) Cu and (d) Zn doped Cr2O3. The green and 
red lines show the Cr 3d and O 2p states, while the orange lines show the Ni, Cu and Zn 3d states. The 
blue and red lines for Mg-Cr2O3 show the Mg 2s and 2p states respectively. The bottom panel in each 
case shows the PEDOS for the reduced Cr cations with the dashed purple lines show the contribution of 
the different coordinated Cr cation. The top of the VB in each plot is aligned to 0eV and the dashed 
black line shows the location of the Fermi level.  
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3.3 Doping the α-Cr2O3 bulk lattice with two lower valence dopants: hole formation, charge 
compensation and active oxygen vacancy formation 
We showed in Sec. 3.2 that introducing divalent dopants into the bulk Cr2O3 lattice creates holes on 
neighboring oxygen atoms that are subsequently filled by formation of oxygen vacancies, which form at 
a lower energy cost than in undoped Cr2O3. However the presence of lower valent dopants in bulk Cr2O3 
can also result in formation of the charge compensating oxygen vacancy, in which two dopants create 
two holes that are compensated by an oxygen vacancy.  In addition, filling the oxygen hole may lead to 
too low of an Ovac formation energy.  We have previously shown that the oxygen vacancy compensated 
structure is in fact the ground state in lower valent doped CeO2 and TiO2
49-52,55,56. In this section, we 
therefore study charge compensation in divalent doped bulk Cr2O3 
The doping of bulk Cr2O3 lattice with two divalent dopants is investigated by using the single dopant 
as a starting structure and substituting different Cr lattice sites with the second dopant to explore the 
lowest energy configuration for two divalent dopants. The lowest energy structures for two divalent do-
pants, the charge compensated structured and the active oxygen vacancy, as well as the associated 
PEDOS plots are shown in Figures 7, 8 , 9 and 10 for Mg, Ni, Cu and Zn and in what follows we de-
scribe the dopants individually. Compared to the structures shown in Figures 7 – 10, any other combina-
tion of 2 dopants in the Chromia lattice, in particular where dopants are separated, lies ca. 3 eV higher 
in energy. 
The second Mg dopant preferentially replaces a Cr cation in the layer above the first dopant, and 
adopts a similar bonding geometry to the first dopant. The two holes are formed on oxygen sites that lie 
between the two cationic layers containing Mg. Hole formation is further confirmed by Bader analysis 
which gives a charge of 7.0 electrons and a spin magnetization of 0.5 on each oxygen species. This is 
also reflected in the calculated PEDOS as unoccupied O 2p α- and β- spin peaks (overall singlet ground 
states) are present at 0.5 eV above the VB edge.  
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Figure 7: The local atomic structure and calculated PEDOS plots of 2Mg doped Cr2O3 for (a) two 
Mg dopants, (b) charge compensated structure, and (c) active oxygen vacancy. The green, grey, red, 
light blue and orange spheres show the lattice positions of the Mg dopant, Cr cation, O anion, O atom 
with hole, and reduced Cr cations respectively. The small black and blue sphere shows the location of 
the compensated and active oxygen vacancies. For the PEDOS plots, the blue, red and green lines show 
the s, p and d state contributions to the VB and CB. The top of the VB is aligned to 0eV, and the dashed 
black line shows the position of the Fermi level.  
 
 
In determining the charge compensating vacancy we explored different positions for the oxygen va-
cancy relative to the two Mg dopants and the lowest energy structure for two Mg dopants and a com-
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26 
pensated oxygen vacancy is shown in Figure 7(b) with the calculated PEDOS plot shown in Figure 
7(b)(ii). The calculated formation energy of the compensating vacancy is +1.43eV for PBE+U, and -
2.07eV for HSE. The PBE+U energies would predict that the compensating oxygen vacancy has an en-
ergy cost, but the hybrid DFT functional HSE predicts spontaneous oxygen vacancy formation and thus 
that the charge compensated structure is the stable ground state. This difference between PBE+U has 
been seen for Mg doped CeO2 and trivalent doping of TiO2 where PBE+U does not necessarily predict 
that the oxygen vacancy is compensating but compensation is stable with the HSE functional 49,51 
The compensating oxygen vacancy prefers to form in the layer below the Mg dopants, and its for-
mation releases two electrons into the system, filling both holes on the neighboring oxygen atoms. The 
PEDOS shows that the holes are indeed filled as the previously empty O 2p states are now occupied and 
lie below the Fermi level. This is also supported by the Bader charges, which are 7.3 electrons, con-
sistent with an O2- species.  The formation of the compensating oxygen vacancy changes the local ge-
ometry of the Mg dopants, with the Mg dopant nearest the vacancy site taking a 5 coordinated square 
pyramidal geometry.  
The removal of second oxygen atom, which will be referred to as the “active” oxygen vacancy and 
which reduces the system, was explored by removing this oxygen atom from different lattice sites (See 
supplementary information Tables S1 – S4 for the range of computed oxygen vacancy formation energies). The low-
est energy configuration for the active oxygen vacancy and the calculated PEDOS are shown in Figure 
7(c). The preferred position of the active vacancy is the oxygen site coordinated to the two dopants, 
forming a dopant-vacancy complex (which is always more favourable than separated dopant and vacan-
cy, Table S5 supplementary information), and it has a calculated formation energy of +2.38eV (PBE+U). 
The formation of the active oxygen vacancy reduces two neighboring Cr cations from Cr3+ to Cr2+; mul-
tiple positions of the Cr2+ cations were investigated and the lowest energy arrangement is shown in fig-
ure 7. Reduction of the two Cr cations was confirmed by Bader analysis for which the calculated charge 
is 4.5 electrons. The PEDOS plots for the reduced Cr cations in Figure 7(c) shows the Cr 3d peaks in the 
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27 
VB to CB energy gap, with an α-spin peak associated with the Cr1 cation and a β-spin peak for the Cr2 
cation.  
For Ni doping, the most stable position of the second Ni atom is the next Cr layer above the first 
Ni dopant, as shown in Figure 8(a) and this Ni takes a three-fold trigonal pyramidal structure; in con-
trast, the first Ni dopant has a 6 coordinated octahedral bonding environment. Bader charges indicate 
that the second Ni dopant has an oxidation state of +2, compared to the +3 oxidation state of the first Ni 
dopant, which is also reflected in the PEDOS plot in Figure 8(a) as we can see two different electronic 
structures for the dopants. The introduction of a Ni2+ dopant on the Cr3+ cation lattice sites introduces a 
hole on a neighboring oxygen atom (indicated by a light blue sphere in Figure 8(a)), which has a com-
puted Bader charge of 7.0 electrons and a spin magnetization of 0.5 electrons. The PEDOS for this oxy-
gen atom in the lower panel of Figure 8(a) shows an unoccupied O 2p peak above the Fermi level. An 
occupied peak in the PEDOS just below the Fermi level is attributed to the interaction with the Ni 3d 
states.  
 The lowest energy structure for the oxygen vacancy compensated system is shown in Figure 8(b) 
with the position of the compensated vacancy being below and next neighbor to the Ni3+ dopant. The 
calculated formation energy for this oxygen vacancy is +2.93eV (PBE+U) and –1.08 (HSE) with the 
negative formation energy for HSE predicting that charge compensation takes place. The two electrons 
released fill the oxygen hole and reduced the previous Ni3+ dopant to Ni2+ (shown as a light purple 
sphere in Figure 8), so that both dopants now take their preferred +2 oxidation state. The second Ni do-
pant remains in a trigonal pyramidal geometry and the first Ni dopant now takes a square pyramidal ge-
ometry due to loss of the compensating oxygen. The PEDOS in Figure 8(b) confirms that the oxygen 
hole is filled and the reduction of Ni3+ to Ni2+ is reflected in the upper panel of the PEDOS as the previ-
ously empty Ni states now become filled and fall below the Fermi level; the PEDOS for both Ni dopants 
have similar characteristics suggesting they exist in the same oxidation state. The filling of the hole on 
the oxygen atom and the reduction of the Ni dopant is supported by Bader analysis and spin magnetiza-
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tion: the Bader charge for the O atom increase to 7.3 electrons, with zero spin magnetization, and the 
original Ni3+ dopant shows a Bader charge of 14.9 electrons (from 14.6 electrons), which is similar to 
the Bader charge for the other Ni3+ 14.8 electrons. 
 The most stable position for the active oxygen vacancy for Ni-doped Cr2O3 is shown in Figure 
8(c), in which the vacancy site lies above and next neighbor to the second Ni dopant (indicated by the 
blue sphere in Figure 8(c). The calculated formation energy of the active vacancy is +2.53 eV (PBE+U), 
which is lower than undoped Cr2O3, suggesting that Ni doping can enhance oxygen vacancy formation 
in bulk Cr2O3. The removal of the second oxygen atom changes the coordination of the nearest Ni
2+ do-
pant from a trigonal pyramidal geometry to a four coordinated square planar geometry that is stable for 
Ni as a dopant.51  The other Ni2+ dopant maintains its coordination environment. The formation of the 
active oxygen vacancy reduces two neighboring Cr cations from Cr3+ to Cr2+ and the location of the Cr2+ 
is indicated by the orange spheres in Figure 8(c). The PEDOS for these cations is shown in the lower 
panel of Figure 8(c), with the appearance of Cr 3d β-spin peaks in the VB to CB energy gap for both 
cations. The reduction of Cr from Cr3+ to Cr2+ is further supported by computed Bader charges, which 
are 4.5 electrons, and different PEDOS plots are shown for the different coordination environments of 
the reduced Cr cations.  
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Figure 8: The local atomic structure and calculated PEDOS for 2Ni doped Cr2O3 for (a) two Ni dopants, 
(b) charge compensated structure, and (c) active oxygen vacancy. The purple, grey, red, light blue and 
orange spheres show the lattice positions of the Ni dopant, Cr cation, O anion, O atom with hole, and 
reduced Cr cations respectively. The small black and blue sphere shows the location of the compensated 
and active oxygen vacancies. For the PEDOS plots, green and red lines show the Cr 3d and O 2p state 
contributions to the VB and CB, while the light blue, orange lines show the contributions of the differ-
ent Ni 3d states. The top of the VB is aligned to 0eV, and the dashed black line shows the position of the 
Fermi level.  
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The lowest energy structures for two Cu dopants, the oxygen vacancy compensated and active 
oxygen vacancy structures are shown in Figure 9(a),(b),(c). For two Cu dopants, the most stable site for 
the second Cu dopant is in the next Cr layer above the first dopant. The Cu dopants have similar coordi-
nation environments - both are three-fold coordinated. The introduction of the second Cu dopant results 
in formation of a hole on a neighboring oxygen and the sites of the oxygen holes are shown by the light 
blue spheres in Figure 9(a). The holes lie in different oxygen layers, but each hole neighbors a Cu site.  
The PEDOS plot for Cr2O3 with two Cu dopants is shown in the top panel of Figure 9(a). The 
PEDOS features for the two Cu dopants are similar as they are in similar bonding environments. The 
formation of the holes on the neighboring oxygen atoms is seen in the lower panel of the PEDOS plots, 
with the appearance of unoccupied O 2p peaks above the Fermi level. Bader charges and spin magneti-
zations further support hole formation with a computed charge of 7.0 electrons on each oxygen atoms 
and a computed spin magnetization of 0.5 electrons.  
The preferential site for the compensating oxygen vacancy is in the oxygen layer between the 
two Cu dopants as shown in Figure 9(b). The calculated formation energy for the oxygen vacancy is 
+0.84 eV (PBE+U) and -2.31 eV (HSE) with the negative energy from HSE indicating spontaneous ox-
ygen vacancy formation and charge compensation. The removal of this oxygen atom fills the two holes 
formed by Cu doping, and changes the local coordination geometry of both Cu dopants. Both Cu do-
pants change from 3 fold trigonal pyramidal environment to a 4 fold coordinated environment. The low-
er panel of the PEDOS plot in Figure 9(b) shows that the previous oxygen hole peak on these are now 
occupied, lying below the Fermi level. In addition, the Cu dopants maintain their +2 oxidation states. 
The filling of the holes is further confirmed by Bader charges, which are computed to be 7.3 electrons 
on each oxygen species and the computed spin magnetization is 0.0 electrons.  
The active oxygen vacancy is preferentially found on the next neighbor position to the Cu do-
pant in the lower cationic layer as shown by the blue sphere in Figure 9(c),. The calculated formation 
energy is +2.86eV (PBE+U).  The removal of the second oxygen atom reduces a neighboring Cr3+ to 
Page 30 of 54
ACS Paragon Plus Environment
The Journal of Physical Chemistry
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
  
31 
Cr2+ as indicated by the orange sphere in Figure 9(c), and the second electron reduces the neighbouring 
Cu2+ species to Cu1+ as indicated by the green sphere. The Cu 3d PEDOS for this atom in the top panel 
of the PEDOS plot in Figure 9(c) shows that these states fall below the Fermi level when compared to 
the same Cu 3d states for the charge compensated structure in Figure 9(b), indicative of Cu2+ reduction 
to Cu+. This is supported by Bader charge analysis with a change in the Cu charge from 15.9 electrons 
to 16.3 electrons. The bottom panel of the PEDOS for the active vacancy shows the appearance of a Cr 
3d peak in the VB to CB energy gap around 1 eV above the VB edge, which is consistent with reduction 
to Cr2+. The Bader charge for the reduced Cr atom is 4.5 electrons, consistent with a Cr2+ species.  
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Figure 9: The local atomic structure and calculated PEDOS for 2Cu doped Cr2O3 for (a) two Cu do-
pants, (b) charge compensated structure, and (c) active oxygen vacancy. The brown, grey, red, light blue 
and orange spheres show the lattice positions of the Cu dopant, Cr cation, O anion, O atom with hole, 
and reduced Cr cations respectively. The small black and blue sphere shows the location of the compen-
sated and active oxygen vacancies. For the PEDOS plots, green and red lines show the Cr 3d and O 2p 
state contributions to the VB and CB, while the light blue, orange lines show the contributions of the 
different Cu 3d states. The top of the VB is aligned to 0eV, and the dashed black line shows the position 
of the Fermi level.  
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Figure 10(a) shows the atomic structure for two Zn dopants in Cr2O3. The second Zn dopant pre-
fers to locate in the cationic layer below the first Zn dopant and adopts a 5 coordinated trigonal bi-
pyramidal geometry; the first Zn dopant maintains its 3 fold trigonal pyramidal geometry.  The Zn diva-
lent dopants produce two holes on next neighbor oxygen atoms, indicated by the light blue spheres in 
Figure 10(a). The calculated PEDOS is shown in Figure 10(a). The unoccupied O 2p peaks typical of 
the oxygen hole appear above the Fermi level and hole formation is further supported by Bader charges 
of 7.0 electrons on each oxygen and a computed spin magnetization of 0.5 electrons.  
 The lowest energy structure for the charge compensated structure is shown in Figure 10(b). The 
preferred location of the vacancy is a site that bridges the two Zn dopants, indicated by the black sphere 
in Figure 10 (b). The removal of this oxygen modifies the coordination of both Zn dopants - the Zn do-
pant in the upper Cr layer maintains the 3 coordinated trigonal pyramidal geometry but bonds to differ-
ent O atoms, while the Zn dopant in the lower Cr layer changes to have a 3 fold trigonal pyramidal 
bonding geometry. The calculated formation energy for this vacancy is +0.15eV (PBE+U) and -3.62eV 
(HSE), which indicates that it forms to compensate the dopants. The compensating vacancy fills the two 
holes on the neighboring oxygen atoms, which is reflected in the PEDOS plot in Figure 10(b); the lower 
panel shows that the previously unoccupied O 2p states are now occupied and lie below the Fermi level. 
The Bader charges of 7.3 electrons on each oxygen further support the filling of the holes and the com-
puted spin magnetizations are 0.0 electrons.  
 The structure of the most stable active oxygen vacancy is shown in Figure 10(c). The vacancy 
prefers to be located above the upper Zn dopant, as indicated by the blue sphere. The removal of this 
oxygen atom changes the coordination environment of the upper Zn dopant to a 3 fold trigonal planar 
geometry, while the lower Zn dopant is unchanged. The calculated energy for the formation of the active 
vacancy is +3.21eV and two Cr cations are reduced from Cr3+ to Cr2+. One Cr is nearest neighbor to the 
active vacancy and the reduced Cr2+ is in a next nearest neighbor site. The PEDOS plot in Figure 10(c) 
shows two occupied Cr 3d peaks in the VB to CB energy gap, at around 0.7 eV and 0.9 eV, and unoccu-
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pied Cr 3d peaks between 1.9 and 2.1 eV above the top of the VB.  The higher energy PEDOS occupied 
peak is associated with the Cr2+ cation that is nearest neighbor to the active vacancy. The two reduced 
Cr2+ cations have Bader charges of 4.5 electrons, and computed spin magnetizations of 3.5 electrons.   
 
 
Figure 10: The local atomic structure and calculated PEDOS for 2Zn doped Cr2O3 for (a) two Zn do-
pants, (b) charge compensated structure, and (c) active oxygen vacancy. The dark blue, grey, red, light 
blue and orange spheres show the lattice positions of the Zn dopant, Cr cation, O anion, O atom with 
hole, and reduced Cr cations respectively. The small black and blue sphere shows the location of the 
compensated and active oxygen vacancies. For the PEDOS plots, orange, green and red lines show the 
Zn 3d, Cr 3d and O 2p state contributions to the VB and CB, while the green and purple lines show the 
contributions of the different Cr
2+
 3d states. The top of the VB is aligned to 0eV, and the dashed black 
line shows the position of the Fermi level.  
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4. Discussion: 
Doping of bulk α-Cr2O3 with LV dopants and the effect on formation of potentially active oxygen 
vacancies was investigated using DFT, within the PBE+U formalism. We have explored two approaches 
to this question: the widely used approach of doping with one metal cation on the Cr site and computing 
the formation energy of an oxygen vacancy, and substitutional doping of Cr2O3 with a charge compen-
sated structure in which two metal dopants are compensated with an oxygen vacancy, from which the 
second oxygen removed forms the active oxygen vacancy.  
In doping the Cr2O3 lattice with a single divalent dopant, an oxygen hole is formed on a neighboring 
oxygen atom due to the dopant having an oxidation state of one less than Cr3+, the exception being Ni 
which forms Ni3+.  Upon formation of an oxygen vacancy the hole state on this oxygen atom was filled 
and two nearest neighbor Cr3+ cations were partially reduced to Cr(3-δ)+. The calculated energies for oxy-
gen vacancy formation showed that doping in this scheme greatly enhances vacancy formation com-
pared to undoped Cr2O3, with Cu doping giving the lowest vacancy formation energy, as shown in Table 
3; the cost of forming an oxygen vacancy is lowered by over 2 eV.  
In studying the charge compensated system, we introduce two divalent dopants onto two Cr sites in 
Cr2O3 to create two holes on two oxygen atoms, and the formation of an oxygen vacancy releases elec-
trons to fill these holes; this is shown to be spontaneous from a HSE level calculation of the formation 
energy, so that this is the ground state of divalent doped Cr2O3. The lattice is now charge neutral and the 
removal of a second oxygen atom is a model for the catalytically active oxygen vacancy. This process 
reduces two Cr3+ cations to Cr2+ cations, with the exception of Cu doping, and the computed formation 
energies for each dopant in this scheme are compared to the other scheme in Table 3. Doping of bulk 
Cr2O3 with these divalent dopants enhances oxygen vacancy formation compared to undoped Cr2O3, 
with Mg-doped Cr2O3 having the lowest formation energy.  
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Table 3: A comparison for the different approaches to investigate LV doping of bulk Cr2O3 to pro-
mote oxygen vacancy formation. The column indicated E[Ovac] is without charge compensation and the 
column indicated E[active] is with charge compensation. 
 
M-Cr2O3 
E[Ovac] (eV) 
2M-Cr2O3 
E[active] (eV) 
Undoped Cr2O3 4.11 4.11 
Mg doped 2.53 2.38 
Ni doped  2.45 2.53 
Cu doped  1.87 2.86 
Zn doped 2.88 3.21 
 
Comparing the two approaches to determining the oxygen vacancy formation energy of divalent 
doping of Cr2O3, using a single metal dopant generally results in a lower formation energy than using 
the charge compensated structure, while for Ni doping this is nearly the same (0.08eV difference). From 
work on other doped oxides, this can be attributed to the fact that the vacancy in the first case will com-
pensate the hole which is a favorable process. This can lead to spurious results in terms of measuring 
reactivity by oxygen vacancy formation and also PBE+U can give different results to HSE06. The for-
mation of the oxygen vacancy also partially reduces two Cr cations (with one electron), which is not ob-
served when the active vacancy is formed in the compensated structure, where two fully reduced Cr cat-
ions are produced. Single metal doping of the bulk lattice with LV cations predicts that Cu has the low-
est oxygen vacancy formation energy, while the formation of the active vacancy from the compensated 
structure indicates that Mg gives the lowest energy for vacancy formation.  
Ni doping is the exception to this mechanism as it can take a Ni3+ oxidation state in the singly doped 
structure and Ni2+ in the compensated structure. The presence of Ni3+ suggests that it may not require 
charge compensation; however it can be argued that the more predominant oxidation state for Ni is +2 
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which is found in the charge compensated structure. The oxygen vacancy formation energies for either 
Ni-doped Cr2O3 structure are practically the same, which indicate both approaches are consistent for Ni 
doping of Cr2O3. This can also imply that at higher concentrations of Ni doping in Cr2O3, Ni
2+ dopants 
will be present, while at lower concentrations Ni3+ is present. The formation or otherwise of these oxida-
tion states can be identified using X-ray spectroscopies to discriminate between the two possible Ni oxi-
dation states. 
Differences between dopants with possible variable oxidation states (Ni, Cu) and non-reducible do-
pants (Mg, Zn) are also apparent. As the compensated structure is the correct electronic ground state for 
the divalent doped Cr2O3, the formation of the active vacancy shows that the non-reducible dopants al-
low reduction of two surrounding Cr cations creating electron donor Cr 3d peaks in the band gap, while 
the Ni and Cu dopants themselves become reduced along with a Cr cation. This leads to a mixture of 
metal and Cr 3d states contributing to the donor levels in the band gap. This can only be properly de-
scribed from the compensated structure.   Investigating oxygen vacancy formation in Cr2O3 from LV 
doping of the bulk lattice by doping with a single divalent dopant and removing an oxygen atom is in-
sufficient in describing the correct ground state electronic structure, and two divalent dopants with a 
compensating vacancy (charge neutral system) must be used as the basis for investigating the correct 
ground state electronic structure for oxygen vacancy formation. 
 
5. Conclusion: 
Density functional theory calculations using the Perdew-Burke-Ernzerhof functional and a Hubbard 
+U correction applied to the Cr 3d and O 2p states (PBE+U) have been used to investigate doping of the 
bulk α-Cr2O3 lattice with lower valence dopants, namely divalent Mg, Ni, Cu and Zn to examine any 
effect on promoting oxygen vacancy formation. We showed that doping the bulk lattice with a single 
divalent dopant creates a hole state on the neighboring oxygen atom; however, this provides the incor-
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rect description of the ground state electronic structure for studies of oxygen vacancy formation because 
the stable ground state is in fact one in which the two oxygen holes formed by incorporating two do-
pants are compensated by forming an oxygen vacancy. This gives a charge neutral system, which is then 
used to study formation of active oxygen vacancies. In addition, we find that dopants prefer to be found 
on neighboring Cr lattice sites, with any other distribution being significantly less favorable. 
The removal of a second oxygen atom, that is, the active vacancy, reduces two Cr3+ cations to Cr2+ , 
with the exception of Cu, and is therefore the correct description of the ground state electronic structure 
for an oxygen vacancy for each of the doped lattices. All dopants are shown to promote oxygen vacancy 
formation over undoped bulk Cr2O3, with Mg doping giving the lowest formation energy.  
The reducibility of the dopant is also seen to have an impact on the doping mechanism and active 
vacancy formation in the bulk lattice, as the non-reducible Mg and Zn metals allow reduction of sur-
rounding Cr cations, while both Cu and Ni become reduced along with one Cr cation. This may have 
implications in the use of doped Cr2O3 as a potential candidate in the areas of photochemistry and reac-
tion catalysis by promoting formation of multiple reduced cation species in the same material.  
Supporting Information  
SI contains the calculated energies for each of the tested oxygen vacancy sites, along with the most sta-
ble site shown in the main article, and the calculated energies for the metal doped Chromia complex 
[Mx: Cr(2-x)O(3-y)] relative to a separated dopant metal and [VO
** + 2e`] pair.  
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Figure 1: The atomic structure (a) and local cation geometry (b), for bulk α-Cr2O3. The blue and red 
spheres represent the lattice positions for Cr and O respectively. The orientation along the a-, b- and c- 
vectors is included to show the relative position of the cation geometry to the bulk unit cell.  
Figure 1  
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Figure 2: The calculated spin polarised PEDOS for bulk α-Cr2O3. The green and red lines are the Cr 3d and 
O 2p states, respectively. The top of the valence band is aligned to 0 eV and the dotted line indicates the 
calculated position of the Fermi Level.  
Figure 2  
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Figure 3: (a) The local atomic structure around the oxygen vacancy (indicated by a small black sphere) in 
bulk α-Cr2O3. The color coding is the same as figure 1 and the partially reduced Cr3+ cations are indi-cated 
by the orange spheres. (b) The calculated PEDOS for the reduced Cr2O3 bulk with the defect levels shown 
within the band gap. The top of the valence band is aligned to 0eV and the dotted line indicates the highest 
occupied state.  
Figure 3  
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Figure 4: The local geometry and calculated PEDOS for (a) Mg, (b) Ni, (c) Cu, and (d) Ni doped α-Cr2O3. 
The grey and red spheres are the Cr3+ cations and O2- anions, respectively, while the Mg, Ni, Cu and Zn 
dopants are the green, purple, orange and blues spheres. The blue, red, orange and green lines on the 
PEDOS plots are the s, p, dopant 3d and Cr 3d states with the top of the valence band aligned to 0eV and 
the dotted line shows the position of the Fermi level.  
Figure 4  
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Figure 5: The calculated local geometry after formation of oxygen vacancies in (a) Mg, (b) Ni, (c) Cu and (d) 
Zn doped Cr2O3. The location of the oxygen vacancy is indicated by the small black sphere, while the 
partially reduced Cr cations are shown by the orange spheres. The green, purple, brown, and blue spheres 
show the location of the Mg, Ni, Cu and Zn dopants, respectively, while the lattice posi-tions of the Cr cation 
and O anions are shown by the grey and red spheres.  
Figure 5  
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Figure 6: The calculated PEDOS plots for (a) Mg, (b) Ni, (c) Cu and (d) Zn doped Cr2O3. The green and red 
lines show the Cr 3d and O 2p states, while the orange lines show the Ni, Cu and Zn 3d states. The blue and 
red lines for Mg-Cr2O3 show the Mg 2s and 2p states respectively. The bottom panel in each case shows the 
PEDOS for the reduced Cr cations with the dashed purple lines show the contribution of the different 
coordinated Cr cation. The top of the VB in each plot is aligned to 0eV and the dashed black line shows the 
location of the Fermi level.  
Figure 6  
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Figure 7: The local atomic structure and calculated PEDOS plots of 2Mg doped Cr2O3 for (a) two Mg 
dopants, (b) charge compensated structure, and (c) active oxygen vacancy. The green, grey, red, light blue 
and orange spheres show the lattice positions of the Mg dopant, Cr cation, O anion, O atom with hole, and 
reduced Cr cations respectively. The small black and blue sphere shows the location of the compensated and 
active oxygen vacancies. For the PEDOS plots, the blue, red and green lines show the s, p and d state 
contributions to the VB and CB. The top of the VB is aligned to 0eV, and the dashed black line shows the 
position of the Fermi level.  
Figure 7  
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Figure 8: The local atomic structure and calculated PEDOS for 2Ni doped Cr2O3 for (a) two Ni dopants, (b) 
charge compensated structure, and (c) active oxygen vacancy. The purple, grey, red, light blue and orange 
spheres show the lattice positions of the Ni dopant, Cr cation, O anion, O atom with hole, and reduced Cr 
cations respectively. The small black and blue sphere shows the location of the compensated and active 
oxygen vacancies. For the PEDOS plots, green and red lines show the Cr 3d and O 2p state contributions to 
the VB and CB, while the light blue, orange lines show the contributions of the different Ni 3d states. The top 
of the VB is aligned to 0eV, and the dashed black line shows the position of the Fermi level.  
Figure 8  
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Figure 9: The local atomic structure and calculated PEDOS for 2Cu doped Cr2O3 for (a) two Cu do-pants, (b) 
charge compensated structure, and (c) active oxygen vacancy. The brown, grey, red, light blue and orange 
spheres show the lattice positions of the Cu dopant, Cr cation, O anion, O atom with hole, and reduced Cr 
cations respectively. The small black and blue sphere shows the location of the compen-sated and active 
oxygen vacancies. For the PEDOS plots, green and red lines show the Cr 3d and O 2p state contributions to 
the VB and CB, while the light blue, orange lines show the contributions of the different Cu 3d states. The 
top of the VB is aligned to 0eV, and the dashed black line shows the position of the Fermi level.  
Figure 9  
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Figure 10: The local atomic structure and calculated PEDOS for 2Zn doped Cr2O3 for (a) two Zn do-pants, 
(b) charge compensated structure, and (c) active oxygen vacancy. The dark blue, grey, red, light blue and 
orange spheres show the lattice positions of the Zn dopant, Cr cation, O anion, O atom with hole, and 
reduced Cr cations respectively. The small black and blue sphere shows the location of the compensated and 
active oxygen vacancies. For the PEDOS plots, orange, green and red lines show the Zn 3d, Cr 3d and O 2p 
state contributions to the VB and CB, while the green and purple lines show the contributions of the different 
Cr2+ 3d states. The top of the VB is aligned to 0eV, and the dashed black line shows the position of the 
Fermi level.  
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